Abstract The purpose of the present study was to understand the tissue specificity of DNA methylation and the relationship between methylation and expression of genes with essential roles in neurodevelopment and brain function. We chose dopamine receptor genes (DRD1 and DRD2), NCAM, and COMT as examples of genes with CpG islands around the promoter region, and serotonin receptor genes (HTR2A and HTR3A), HCRT, and DRD3 as genes without CpG islands. Methylation states were investigated in fetal brain, fetal liver, placenta, and in adult peripheral leukocytes from three individuals by Southern blot and bisulfite-modified DNA sequencing. A repetitive sequence, human endogenous retrovirus (HERV)-K was also examined. All genes examined were almost completely unmethylated in brains. The genes with CpG islands were unmethylated regardless of their expression state. In contrast, genes without CpG islands showed various methylation patterns, which did not necessarily reflect the transcriptional activity of the genes. Most HERV-K loci were methylated, but some loci showed relatively low methylation in the placenta and liver. Interestingly, we found inter-individual differences in methylation levels in HTR2A and HCRT in the placenta and in some loci of HERV-K in the placenta and liver. The sample with the lowest methylation levels in the two unique genes showed higher methylation of HERV-K loci than the other samples. These results provide detailed information about the methylation states of the genes analyzed and evidence for inter-individual variations in methylation in both unique and repetitive sequences.
Introduction
Epigenetic modifications are involved in a wide range of normal and pathological cellular phenomena (Jones and Laird 1999; Jaenisch and Bird 2003) . Cytosine methylation in CpG and some CpNpG sequences is the sole epigenetic modification of DNA with known biological functions. One of these functions is gene regulation through the construction of heterochromatin (Razin 1998) . Unusual hypermethylation has often been observed in tumors in the promoter regions of tumor suppressor genes (Jones and Laird 1999) .
Aberrant epigenetic modifications occur not only in somatic cells, resulting in tumors, but also in some inherited diseases (Bickmore and van der Maarel 2003) . Mental dysfunction is a major symptom in most inherited diseases with aberrations in epigenetic modifications. The neurodevelopmental disorder Rett syndrome is caused by mutations in a methyl-CpG-binding protein, MeCP2, and the characteristic clinical features partially resemble those observed in autism and schizophrenia (Robertson and Wolffe 2000; Shahbazian and Zoghbi 2002) . Rett syndrome is a typical example of the implications of epigenetic modifications such as DNA methylation, and suggests that accurate fine-tuning of gene expression by epigenetic mechanisms is essential for normal brain function.
Studies on the role of DNA methylation in the pathogenesis of psychiatric disorders have increased in recent years but are still few in number, which may be due to the unique features of DNA methylation as well as the technical challenges involved in correlating methylation with particular pathologies. DNA methylation undergoes a genome-wide erasure and re-establishment during embryogenesis and shows tissue-specific patterns, as does gene expression (Hsieh 2000) . It is evident that two major psychiatric disorders, schizophrenia and bipolar disorder, are inherited illnesses, and it is also true that both disorders are greatly influenced by environmental conditions (Abdolmaleky et al. 2005) . Although seemingly paradoxical, DNA methylation could explain both the ambiguous inheritance and the roles of environmental factors in the etiology of these disorders. There is increasing evidence that some epigenetic signals may exhibit partial meiotic stability and can be transmitted from one generation to the next (Roemer et al. 1997; Morgan et al. 1999; Sutherland et al. 2000; Rakyan et al. 2002) . Similarly, mitotic transmission of DNA methylation patterns demonstrates partial stability, but such patterns can be changed by hormones, nutritional factors, aging, or stochastic events in the cell (Wolff et al. 1998; Ahuja and Issa 2000; Thomassin et al. 2001) .
In the present study, we examined the DNA methylation status of eight genes that are actively expressed in the brain: the dopamine receptors DRD1, DRD2, and DRD3, catechol-O-methyltransferase (COMT), neural cell adhesion molecule (NCAM), the 5-hydroxytryptamine receptors HTR2A and HTR3A, and hypocretin (HCRT; also called orexin). DRD1, DRD2, COMT, and NCAM harbor CpG islands around the promoter regions and the other four genes do not. In addition to these eight single copy genes, we also examined methylation states in the 5¢ long terminal repeat (LTR) of the human endogenous retrovirus (HERV)-K family in order to compare patterns between unique sequences and repetitive sequences, as well as to examine possible interindividual differences.
Materials and methods

DNA and RNA
In the present study, we used DNA and RNA extracted from human fetal whole brains, fetal livers, placentas, and from peripheral blood leukocytes (PBL) of healthy volunteers. We prepared DNA using the standard proteinase K/phenol method (Sambrook et al. 1989) . RNA from tissues other than PBL was extracted by the guanidine/CsCl method (Sambrook et al. 1989) . RNA from PBL was isolated using ISOGEN (Nippon Gene, Japan) according to the manufacturer's instructions. DNA and RNA from fetal tissues and placentas were all from samples obtained in 1997. The fetuses (and placentas) were artificially aborted at 16 (Sample a), 19 (Sample b), and 21 (Sample c) weeks of gestation. Detailed information on the fetuses was not available.
Methylation analyses
We examined the methylation states of the eight single copy genes by Southern blot hybridization and using the sodium bisulfite-modified DNA sequencing method. HERV-K methylation was examined by Southern blot hybridization alone. Using the Grail 1.3 program (http://www.compbio.ornl.gov/Grail-1.3/), we confirmed that the sequences to be analyzed satisfied the established definition of a CpG island. DNA was first digested with appropriate non-methylsensitive restriction enzymes to yield a distinct band(s) in the methylation analysis by Southern blot hybridization. The restriction digests were then digested with methylsensitive restriction enzymes (10 U/lg DNA), separated on 0.8% agarose gels, and transferred to Hybond-N + membrane (Amersham Biosciences, Piscataway, NJ). Probes for the Southern blot hybridization were amplified by PCR, cloned into the pGEM-T easy vector (Promega, Madison, WI), and confirmed by sequencing. Probe DNA was labeled with [a-32 P]dCTP using a Megaprime DNA Labeling kit (Amersham Biosciences). Primer sequences and temperatures for the final wash of the hybridized membranes are shown in Table 1 . The blots were hybridized in 6·SSC/0.5% SDS at 65°C overnight and were sequentially washed in 2·SSC/0.1% SDS at 55°C and in 0.1·SSC/0.1% SDS at the appropriate temperatures (Table 1) .
Sodium bisulfite treatment was carried out as described (Grunau et al. 2001) , with minor modifications. The bisulfite-treated DNA was amplified by PCR using the following conditions: denaturation at 94°C for 3 min, followed by 35 cycles of 94°C for 1 min, annealing temperature (see Table 2 ) for 1 min, 72°C for 1 min, and a final elongation at 72°C for 5 min with a GeneAmp PCR System 9600 (Applied Biosystems, Foster City, CA). Nested PCR was performed for 25 cycles. The primer sequences and sizes and positions of the regions analyzed are shown in Table 2 . The primer sequences were designed using a program for predicting modified sequences (Singal and Grimes 2001) . The PCR products were cloned into the pGEM-T easy vector (Promega), and ten clones each were sequenced using a BigDye sequencing kit (Applied Biosystems). In the case of the CpG island genes, we performed the methylation analysis using the bisulfite method only for fetal brain and adult PBL from one fetus and one person, respectively.
Reverse transcription-PCR
RNA used for RT-PCR was pre-treated twice with 10 to 30 U RNase-free DNase I (Roche, Mannheim, Germany) for 40 min at 37°C. DNase I-treated total RNA (5 lg) was reverse-transcribed with random primers and the M-MLV reverse transcriptase (Invitrogen, La Jolla, CA) for 1 h at 37°C in a 20 ll reaction mix. The reverse transcription products were diluted 6-to 25-fold and 2 ll used for PCR (18-36 cycles) in a total volume of 20 ll. The PCR products were separated by electrophoresis using a 6.0% polyacrylamide gel. The intensity of the PCR products was measured using Science Lab Image Gauge software (Fujifilm, Japan). The primers and PCR conditions used for the RT-PCR assays are shown in Table 3 . Table 1 Southern blot analysis: primers for probe generation and wash conditions. COMT Catechol-O-methyltransferase, DRD1 dopamine receptor D1, DRD2 dopamine receptor D2, NCAM neural cell adhesion molecule, HTR2A 5-hydroxytryptamine receptor 2A, HCRT hypocretin, DRD3 dopamine receptor D3, HTR3A 5-hydroxytryptamine receptor 3A, HERV-K human endogenous retrovirus K 
Results
Methylation states of genes with or without CpG islands and of HERV-K loci
We chose four genes, DRD1 (Minowa et al. 1993) , DRD2 (Samad et al. 1997) , COMT (Tenhunen et al. 1994) , and NCAM (Hirsch et al. 1991 ) that harbor CpG islands in the regulatory or flanking regions of the gene (CpG island genes) and four genes, DRD3 (D'Souza et al. 2001), HTR2A (Zhu et al. 1995) , HTR3A (Bedford et al. 1998) , and HCRT (Waleh et al. 2001 ), that do not have CpG islands in the corresponding regions (nonCpG island genes). All eight genes are predominantly and abundantly expressed in brain. In addition, methylation of the HERV-K family, one of the HERV families classified as human retrotransposons, was examined (Lo¨wer et al. 1996) . We first examined the methylation states of the 5¢-flanking regions of the genes by Southern blot hybridization using methylation-sensitive restriction enzymes. The CpG island genes all showed completely cleaved patterns with the exception of COMT in one of the PBL samples (Fig. 1) . The partial methylation pattern of COMT in PBL Sample c is most likely the result of incomplete digestion due to insufficient purity of the sample, as well as the enzymatic characteristics of SacII. A similar partial methylation pattern in DRD1 was observed in some PBL samples (data not shown) using SacII, even though the bisulfite method did not detect any methylated CpG within the SacII recognition sequence. We confirmed by bisufite-modified DNA sequencing that all, or almost all, cytosine residues in the CpG sequences analyzed were unmethylated, as were cytosine residues in non-CpG sequences (Fig. 1) .
In contrast, Southern blot hybridization of the nonCpG island genes showed a variety of methylation patterns, depending on the tissue and the gene analyzed (Figs. 2, 3) . One of the prominent trends is the methylation status in brain: methylation was very low or absent in all four genes in each of the three individuals. Placental DNA showed the next lowest levels of methylation in the non-CpG island genes, with the exception of HCRT, while liver DNA revealed a trend towards hypermethylation. PBL also showed hypermethylated patterns of HCRT and HTR3A. DRD3 was unexpectedly extremely hypomethylated in all tissues and individuals examined. Interestingly, differences in the degree of methylation between individuals were observed in HTR2A and HCRT in the placental samples: the methylation levels of HTR2A and HCRT were lower in Sample a than in Samples b and c (Fig. 2) . Although the Southern blot method can reveal the methylation status only of the CpG sequence within a recognition sequence of a methyl-sensitive restriction enzyme, the results obtained with the bisulfite method were largely consistent with the results of Southern blot hybridization. The inter-individual differences in methylation in HTR2A and HCRT were also detected by the bisulfite method.
In addition to the single copy genes, we analyzed the methylation states of a repetitive sequence region of HERV-K by Southern blot hybridization. When the CpG within the SmaI recognition sequence in the 5¢ LTR of HERV-K is unmethylated, a Pst I-Sma I fragment of approximately 1.8 kb is produced from multiple HERV-K loci (Fig. 4, top panel) . The blot hybridized with a probe prepared from the gag region yielded numerous signals with various sizes, among which the signal at 1.8 kb was most intense in the Pst I plus Xma Icleaved lanes, indicated by a black arrowhead in the middle panel in Fig. 4 . In contrast, the signal indicated by an open arrowhead at approximately 4.3 kb in size disappeared in those lanes. Therefore, the 1.8 kb fragment results in part from the 4.3 kb fragment. When cutting with Pst I and Sma I, a methyl-sensitive isoschizomer of Xma I, this inverse relation was clearly recognized in the placental samples. We measured the intensities of the 1.8 and 4.3 kb signals and normalized them relative to an internal control (not shown). Interindividual differences in intensities were observed in both signals in the placental samples, and an inverse relation between the 1.8 and 4.3 kb signals was evident (Fig. 4, bottom panel) . Although the inter-individual Table 3 Primers and conditions for semi-quantitative RT-PCR. Gene symbols as in Table 1 . Ex1a is the authentic first exon of HTR3A and Ex1b may be a novel exon (see Fig. 4 ) in the recognition sequences for methyl-sensitive restriction enzymes. P PstI, S II SacII, E EcoRI, S SmaI, D DraI, COMT catechol-O-methyltransferase, DRD1 dopamine receptor D1, DRD2 dopamine receptor D2, NCAM neural cell adhesion molecule, PBL peripheral blood leukocytes differences in intensity were not detected in the 1.8 kb signal in the liver samples, possibly due to overall weak signal intensity, differences could be clearly seen in the 4.3 kb signal intensity, and the trend was similar to that in the placental samples. Sample a was most strongly methylated and Sample c most hypomethylated in both the placenta and liver.
Expression analysis by semi-quantitative RT-PCR
To examine the relationship between DNA methylation and gene expression, we estimated steady state levels of mRNA transcribed from each of the eight genes by semiquantitative RT-PCR. The amount of RT product used as a template for PCR was adjusted relative to the internal control glyceraldehydes-3-phosphate dehydrogenase (GAPDH). Primer pairs were located in exons of the corresponding genes.
Among the four genes with CpG islands, all but COMT were exclusively or predominantly expressed in the brain (Fig. 5) . COMT was actively expressed in all of the tissues examined, consistent with the results of Tenhunen et al. (1994) . The PCR products of DRD1 and DRD2 were detected in placental samples three to six cycles later than in brain samples. The NCAM PCR product was barely detected in the other tissues after the maximum number of cycles. Thus, the transcriptional activity of the three CpG island genes, DRD1, DRD2, and NCAM, was much lower in the liver, placenta, and in PBL than in the brain, and these same genes showed little or no methylation in their promoter regions.
The non-CpG island genes were also expressed most abundantly in the brain among the four tissues examined (Fig. 5) . HTR2A was expressed in the other three tissues, albeit at very low levels. HCRT and DRD3 showed low levels of expression in the placenta and PBL, respectively. Unlike these genes, HTR3A was expressed in the liver and PBL at levels similar to that found in brain, even though the gene was heavily methylated in both tissues. The discrepancy between the expression and methylation of HTR3A prompted a database search in which we found an EST (GenBank accession number, BG341613) from primary B cells from tonsils that was located between the first and second exons of HTR3A (Ex1b in Fig. 6 ). Using new primers designed from Ex1b and a downstream exon produced a PCR product of the expected size in the liver and PBL, but no product was detected in the brain. In contrast, another primer from Ex1a yielded a PCR product detected in the brain, and in the liver at very low levels (Fig. 6 ). These data suggest that HTR3A may have at least two promoters: an upstream promoter used in the brain and a downstream one used in PBL and liver.
Discussion
In spite of the general recognition that DNA methylation plays an important role in biological functions, studies implicating methylation in the pathogenesis of inherited diseases, especially psychiatric disorders, are still very limited. Here, we investigated methylation states in or near the promoter regions of eight single copy genes and one type of repetitive sequence, HERV-K, by the bisufite and/or Southern blot method(s).
The results obtained by the two methods were largely consistent. Each method has some inherent limitations, for example, artifactual partial digestion in the Southern blot method (Fig. 1 , COMT in the PBL Sample c) and biased amplification and cloning in the bisulfite method. The Southern blot method was useful to identify the presence of biases and had the additional advantage of providing a visual representation of methylation states spanning several kilobases. Nevertheless, both methods are time-consuming and laborious, limiting the extent of the analysis. Genome-wide analyses of DNA methylation need more robust methods, such as that demonstrated in a recent study (Weber et al. 2005) .
Half of the eight single copy genes had CpG islands in the 5¢ flanking regions (CpG island genes), and these CpG sequences were unmethylated in the four tissues examined. Among the four CpG island genes, all but COMT were predominantly expressed in the brain. COMT was abundantly expressed in all four tissues examined. Thus, the cytosines in the CpG islands were protected from methylation, regardless of the transcriptional state of the gene, which is consistent with the general recognition of hypomethylation in CpG islands Fig. 3 Methylation analyses of genes without CpG islands. Open boxes indicate the first exons of the genes; the first exon of HTR3A corresponds to Ex1a described in Fig. 6 . Description of panels a-c for each gene and symbols as in Fig. 1 . B Methyl-sensitive restriction enzyme BstBI, HTR3A 5-hydroxytryptamine receptor 3A, DRD3 dopamine receptor D3 except for either allele of the X chromosome genes in females and imprinted genes (Yoder et al. 1997) .
The non-CpG island genes revealed a variety of methylation patterns that were different between tissues, genes, and even between individuals (Fig. 2 , placental Samples a versus b and c in HTR2A and HCRT). The only common feature was hypomethylation in the brain samples in all four non-CpG island genes. In general, methylation in regulatory regions of a gene suppresses the transcriptional activity of that gene. However, HTR3A was heavily methylated in the liver and PBL samples, and was actively transcribed in these tissues. We subsequently identified an EST whose sequence was located between the first and second exons of HTR3A. RT-PCR with a primer located in the authentic exon 1 (Ex1a in Fig. 6 ) and a common primer amplified a product from brain cDNA, but much less abundantly from liver samples, and nothing was detected after the maximum number of cycles in the PBL and placenta samples. In contrast, RT-PCR with a novel exon-specific primer (Ex1b in Fig. 6 ) and the common primer did not produce a PCR product from brain, while amplification was clearly observed in the liver and PBL samples. Thus, HTR3A may be transcribed from a brain-specific promoter in the brain and from a different promoter in PBL and liver. HTR2A may also possess tissue-specific promoters, although HTR2A expression in the liver and PBL was much lower than in brain. Bunzel et al. (1998) reported polymorphic imprinting in expression of HTR2A in the human adult brain. The methylation pattern in the PBL, albeit not in the brain, seemed consistent with a differentially methylated region as Fig. 5 Semi-quantitative analysis of the expression of the eight single copy genes. The amount of cDNA (reverse transcription products) used for PCR was adjusted relative to that of an internal control gene, glyceraldehydes-3-phosphate dehydrogenase (GAP-DH). Equal volumes of PCR reaction mixes at the cycles indicated by the numbers above the lanes were fractionated in 4% polyacrylamide gels and stained with ethidium bromide. RNA from placental Sample a was not available. Gene symbols as in Fig. 1 found in imprinted genes (Robertson 2005) . The methylation states in DRD3 were also inconsistent with the expression status. Despite lacking the CpG island, DRD3 was not methylated in the liver and placenta, where the DRD3 transcript was not detected. Thus, our data suggest that for non-CpG island genes 5¢-flanking regions are not methylated in any tissues in which the genes are actively expressed, but the converse is not necessarily true.
We are interested in the presence of methylation differences between individuals. In this study, we found inter-individual differences in methylation in two genes, HTR2A and HCRT, in the placental samples. Sample a showed much lower methylation in both these genes than in Samples b and c. We were unable to determine the methylation-expression relationship of HTR2A and HCRT because RNA was not available from Sample a.
To examine multiple loci and the relationship between methylation in single copy genes and repetitive sequences, we examined the HERV-K methylation status and identified two signals that showed inter-individual differences in signal intensity in placental and liver samples. The two signals possibly consist of multiple loci, with the larger one having a Sma I recognition sequence (CCCGGG) and the smaller one resulting from Sma I digestion of this locus. The inter-individual differences were most distinctive in the placental samples, with methylation highest in Sample a, moderate in Sample b, and lowest in Sample c, which is the reverse of the trend seen in HTR2A and HCRT. In addition, this order was the same as found in the liver samples. The reasons for inter-individual methylation differences remain to be ascertained, but here we could exclude a developmental effect on DNA methylation because we found opposite trends in different genes and our previous study revealed that methylation levels undergo global changes in the developing placenta (Fuke et al. 2004) .
To date, the most widely used methods for DNA methylation analysis are Southern blot hybridization in combination with methyl-sensitive restriction enzymes and bisulfite-modified DNA sequencing. Both methods have intrinsic weaknesses, an artifactual partial methylation in the former and biased amplification and cloning in the latter. In our present study on DNA methylation, these methods were complementary and provided very reliable basic data on methylation status within or near the promoter region of genes whose activities are essential to development and brain function. We additionally determined the relationship between methylation and expression of these genes. Furthermore, we identified inter-individual differences in DNA methylation, which may be helpful in elucidating methylation mechanisms. It is especially worth noting that the difference in HERV-K methylation levels between individuals clearly observed in the placenta was also detected in the liver. This finding may support our approach and hypothesis to explore the possible implications of epigenetics in the molecular etiology of psychiatric disorders (Nakamura et al. 2003; Fuke et al. 2004, and unpublished data) . Recently, a genome-wide methylation analysis was performed using a novel combination of existing methods (Weber et al. 2005) , and this approach will contribute to rapid progress in understanding the etiological roles of DNA methylation in the pathogenesis of common diseases, especially psychiatric disorders. The transcript-specific primers 1 and 2, and the common primer 3 are shown schematically. Ex1a is the first exon of HTR3A and Ex1b is the alternative exon 1 that is possibly transcribed from another promoter. Lower panel Tissue specificity of the transcripts generated with Primers 1 and 3 or from Primers 2 and 3. Numbers above the lanes indicate the number of amplification cycles and + or -below the lanes indicates whether reverse transcriptase was included in the reverse transcription reaction followed by the PCR reaction. Letters indicate samples from different individuals
